Enteric fever is the only bacterial infection of humans for which bone marrow examination is routinely recommended. A prospective study of the concentrations of bacteria in the bone marrow and their relationship to clinical features was conducted with 120 Vietnamese patients with suspected enteric fever, of whom 89 had confirmed typhoid fever. Ninety-three percent of the Salmonella enterica serovar Typhi samples isolated were resistant to ampicillin, chloramphenicol, and co-trimoxazole. For 81 patients with uncomplicated typhoid and satisfactory bone marrow aspirates, the number of serovar Typhi CFU in bone marrow aspirates was a median value of 9 (interquartile range [IQR], 1 to 85; range, 0.1 to 1,580) compared to 0.3 (IQR, 0.1 to 10; range, 0.1 to 399) CFU/ml in simultaneously sampled blood. The ratio of individual blood counts to bone marrow counts was 10 (IQR, 2.3 to 97.5). The number of bacteria in blood but not bone marrow was correlated inversely with the duration of preceding fever. Thus, with increasing duration of illness the ratio of bone marrow-to-blood bacterial concentrations increased; the median ratio was 4.8 (IQR, 1 to 27.5) during the first week compared with 158 (IQR, 60 to 397) during the third week. After lysing the host cells, the median ratio of viable bone marrow to blood increased, reflecting the higher concentration of intracellular serovar Typhi in the bone marrow. Effective antibiotic pretreatment had a significantly greater effect in reducing blood counts compared to bone marrow counts (P < 0.001). Thus, bacteria in the bone marrow of typhoid patients are less affected by antibiotic treatment than bacteria in the blood. The numbers of bacteria in bone marrow correlated negatively with the white blood cell (R ‫؍‬ ؊0.3, P ‫؍‬ 0.006) and platelet counts (R ‫؍‬ ؊0.32, P ‫؍‬ 0.01) and positively with fever clearance time after treatment (R ‫؍‬ 0.4, P < 0.001). The bacterial load in bone marrow therefore may reflect the clinical course of the infection, and high levels may suppress neutrophil proliferation.
Typhoid fever, a prolonged, debilitating illness caused by infection with Salmonella enterica serovar Typhi, continues to be a significant global problem, with an estimated 16.6 million cases annually (14) . Serovar Typhi is a pathogen only of humans, and many aspects of the pathogenicity of human typhoid are not well understood (8, 15) . Serovar Typhi is concentrated in lymphoid tissues. Early histopathological descriptions of the inflammatory processes in Peyer's patches, mesenteric lymph nodes, liver, and spleen from human autopsy material (12) are reminiscent of the histiocytic proliferation and granuloma formation described more recently in the bone marrow of patients with typhoid fever (4, 10, 11, 17) . Bone marrow aspirates are known to yield a higher rate of positive cultures in typhoid than peripheral blood (5, 7) . The bone marrow may be both an important organ of host defense and an important focus of infection for serovar Typhi. Positive correlations between the concentrations of organisms in blood and the severity of the clinical condition have been shown for many infections (9, 20, 21) , but in typhoid fever blood bacterial counts do not correlate with outcome (1) or with clinical and laboratory measures of severity (19) . Indeed, bacterial concentrations in the blood do not seem to reflect the total bacterial load in human typhoid fever. The aim of this study was to measure bone marrow bacterial concentrations of serovar Typhi in typhoid fever and to examine their relationship to clinical and laboratory parameters and the response to antimicrobial treatment.
MATERIALS AND METHODS
Patients. Adults and children admitted to the infection ward of the Dong Thap Provincial Hospital, Cao Lanh City, Vietnam, were studied during two periods: February to March 1995 and April to May 1997. Informed consent was obtained from patients or their guardians. The scientific and ethical committees of both Dong Thap Provincial Hospital and the Centre for Tropical Diseases, Ho Chi Minh City, Vietnam, approved the study. Criteria for the clinical diagnosis of typhoid fever were fever for more than 4 days with no obvious focus of infection, abdominal discomfort or a characteristic change in affect, and a negative blood smear for malaria. On admission the clinical history and examination findings were recorded on a standard form. Blood, bone marrow, and up to three stools were collected for culture before treatment was started. If possible, a single specimen of urine was collected on admission for the detection of antimicrobial activity.
All patients with nonsevere typhoid fever were treated with a standard regimen of antimicrobial chemotherapy, oral ofloxacin (10 to 15 mg/kg of body weight per day for 5 days) (Oflocet, Rousell, France). Patients with typhoid fever complicated by perforation of the small bowel, cholecystitis, altered consciousness, or severe abdominal pain were treated with variable doses of cefotaxime with or without gentamicin at the discretion of the treating physician (Table 1) . Fever clearance times (FCT) were calculated as the time from the beginning of treatment until the time temperature fell below 37.5°C and remained so for 48 h.
Clinical methods. As soon as a clinical diagnosis of typhoid fever had been made, 15 ml of blood (or 7.5 ml from small children) was collected for broth culture. The blood was divided equally into three bottles, two of which contained 50 ml each of brain heart infusion broth (Oxoid, Basingstoke, United Kingdom) containing 0.05% sulfpolyanethosulfonate (SPS; Sigma, Poole, United Kingdom) (one of these also contained 0.05% saponin [Sigma] ) and a third contained Oxgall broth (Difco, Detriot, Mich.). In mild-infection patients, where specific treatment was guided by the 24-h blood culture result, specimens for quantitative culture comprised of 6 ml of blood (or 3 ml from small children) and at least 1 ml of bone marrow aspirated from the iliac crest were collected on the following day in sterile heparinized tubes. Patients with more severe disease requiring immediate treatment had specimens taken for broth (5 ml) culture and quantitative culture at the same time.
Microscopy of bone marrow. Two sets of slides were prepared from bone marrow aspirates and were fixed in acetone at the time of collection. One set was later stained with acridine orange (Difco) for 1 min and examined using 100ϫ magnification to assess the quality of the specimen. The second set of slides was postfixed in methanol before being stained with Wrights Giemsa (BDH, Poole, United Kingdom). Differential cell counts were performed later by two experienced histopathologists, one from the hematology center at Ho Chi Minh City, Vietnam, and one by R. P. Hasserjian. Counts were performed on 200 cells from each specimen.
Bacteriological methods. All quantitative cultures were carried out using a pour plate method. Three 1-ml aliquots of blood or a single 0.5-ml aliquot of bone marrow was mixed with 19 ml of molten (50°C) Columbia agar (Oxoid) containing 0.05% SPS in sterile petri dishes. In order to lyse all cells present, the same volume of blood or bone marrow was mixed with an equal volume of 0.1% digitonin (Sigma) and incubated at 37°C for 15 min. Pour plates were then prepared by mixing the lysed specimens with 19 ml of molten (50°C) Columbia agar (Oxoid) containing 0.05% SPS in sterile petri dishes. After being allowed to set, all plates were incubated at 37°C for 4 days and counts were recorded as CFU per milliliter. Up to five colonies were picked to the surface of the agar and after overnight incubation were identified using Kligler iron agar slants (Oxoid) and agglutination with antisera specific for 09, Vi, and 02 salmonella antigens (Wellcome Diagnostics, Dartford, United Kingdom). Antimicrobial sensitivity testing was performed by a modified Bauer-Kirby method using the following disks: ampicillin (10 g), chloramphenicol (30 g), trimethoprim-sulphamethoxazole (1.25 and 23.75 g, respectively), ceftriaxone (30 g), ofloxacin (5 g), and nalidixic acid (30 g) (Oxoid). Multidrug-resistant (MDR) strains were defined as those resistant simultaneously to ampicillin, chloramphenicol, and trimethoprim-sulphamethoxazole and tetracycline.
Treatment before admission to the hospital is common in Vietnam and may affect the bacterial counts. These antibiotics are often present in urine. When urine was collected from typhoid patients on admission to the hospital, the presence of antibacterial activity against Escherichia coli ATCC 25922 and/or MDR serovar Typhi was detected using a 5-mm filter-paper disk dipped into the urine and then placed onto a lawn of the organisms on an agar plate. Any zone observable after incubation at 37°C overnight was recorded as positive. Patients were assumed to have taken antimicrobial agents active against the infecting organisms if (i) the patient was culture positive for sensitive serovar Typhi and had urine activity against E. coli or (ii) the patient was culture positive for MDR serovar Typhi and had urine activity against MDR serovar Typhi.
Statistical analysis. SPSS for Microsoft Windows release 7.5.1 (SPSS Benelux, Inc., Gorinchem, The Netherlands) was used for all statistical analyses. Abnormally distributed data are described using medians and interquartile ranges (IQR). Correlation was assessed by measurement of the Spearman correlation coefficient. Confounding factors were controlled for by using partial correlation coefficients on the ranked data. Differences in bacterial counts between patient groups defined by dichotomous variables were tested by using the Mann-Whitney U test. Differences in bacterial counts between two specimens were tested by the Wilcoxon signed-rank test. Differences in bacterial counts by week of illness were tested by the Kruskal-Wallis test.
RESULTS
Clinical results. Clinical and laboratory parameters on admission for mild-and severe-disease patients are compared in Table 2 . Quantitative blood and bone marrow cultures were performed on 120 patients; serovar Typhi was isolated from 89 patients, 81 nonsevere and 8 severe cases. Salmonella enterica serovar Paratyphi A was isolated from one patient and E. coli from one other patient. The results of the blood culture media comparison will be reported elsewhere. Patients with severe typhoid have not been used to analyze the relationship between FCT and bacterial load, because the treatment given was not standardized. All 81 nonsevere typhoid patients recovered. One of the eight severe typhoid patients died from acute gastrointestinal bleeding.
Bone marrow results. There were 60 cases where sufficient bone marrow aspirate was received for the preparation of smears for histological examination. A microscopic picture indicating predominantly blood was observed in 12 out of 60 cases. This was taken to mean excessive blood contamination of the bone marrow sample. Nevertheless, the 12 cases with excessive blood contamination had higher bacterial counts in bone marrow (quantitative bone marrow bacterial cultures [QBMC]): median value, 23.5 (IQR, 2 to 88.3), compared with blood (quantitative blood bacterial cultures [QBC]): median value, 0.3 (IQR, 1 to 5.6) (P ϭ 0.001). This was not significantly different from the 48 "satisfactory" specimens: QBMC median value, 8 (IQR, 1 to 131), and QBC median value, 0.1 (IQR, 0.1 to 14.3). All specimens were therefore included in the analysis. The overall median ratio of the number of bacteria in all 89 bone marrow specimens compared to the number of bacteria in the simultaneous venous blood specimen (QBMC/QBC) was 13.5 (IQR, 7 to 68). To investigate this further, the nucleated cells in 48 specimens of bone marrow were counted using standard flow cytometry, and the number of each cell type present in each specimen was then calculated from the differential cell count of the bone marrow. There was no correlation between bacterial counts and either the total number of nucleated cells or the absolute numbers or proportions of any or all cell types of myeloid origin.
Histological features. Thirty-seven bone marrow smears chosen at random were described histologically. There was a variable degree of myeloid hyperplasia. Lymphocytes were increased above normal reference values in 6 of 37 cases, up to a maximum of 40% of the bone marrow cells. Most of the lymphocytes in these cases were small, but some large nucleolated lymphoid cells were also seen. Monocytes were increased above normal reference ranges in 20 of 37 of the cases, up to a maximum of 15% of the cellularity; many had vacuolated cytoplasm, but hemophagocytosis was not seen. Granulomas were not identified in any of the 37 cases. Quantitative culture results. The distribution of bacterial counts in the blood and bone marrow of patients with noncomplicated typhoid fever is graphically described in Fig. 1 . Lysing of bone marrow cells increased the number of CFU/ milliliter significantly, indicating that bacteria were concentrated within cells. In 18 cases where sufficient bone marrow aspirate had been collected, a viable count before and after lysis of the bone marrow was performed. The average increase in the yield was 3.3-fold. In 53 cases viable counts were performed before and after lysis of blood, and the observed increase in yield was 1.9-fold (Table 3 ). There was a median of 36 (IQR, 3.7 to 1,335) times as many viable bacteria in the lysed bone marrow as in the lysed blood of the 81 patients with uncomplicated typhoid fever studied (Table 3) . This was higher than the ratio of 10:1 (IQR, 2.3 to 97.5) seen with unlysed samples (P ϭ 0.004), indicating that the proportion of bacteria intracellular in the bone marrow is higher than that in the blood (Fig. 2) . Not all patients had greater numbers of organisms in the bone marrow. In six patients exactly the same bacterial count was recorded from blood and bone marrow.
These patients all had very low numbers of bacteria (0.1 CFU/ ml) in both bone marrow and blood. In seven patients there were fewer bacteria in the bone marrow than in the blood (QMBC to QBC median value of 0.14 [IQR, 0.1 to 0.5]). This was not an effect of sampling, as there was no difference in the cellular content of the specimens of the two groups. When comparing absolute numbers or proportions of any or all cell types of myeloid origin found in the bone marrow or peripheral white blood cell counts, there was no significant difference (P ϭ 0.3). There was also no difference in previous antimicrobial therapy (P ϭ 0.18). One of these patients had 399 serovar Typhi CFU/milliliter of blood and only 1 CFU/milliliter in bone marrow.
QBMC and QBC were correlated positively (R ϭ 0.6, P ϭ Ͻ0.001), but the correlations with clinical parameters were different for QBMC and QBC. There was no statistically significant correlation between QBC and white blood cell count, platelet count, or hematocrit. There was a weak negative correlation between QBMC and the white blood cell count (R ϭ Ϫ0.3, P ϭ 0.006) and QBMC and circulating platelets (R ϭ Ϫ0.32, P ϭ 0.01).
Antibiotic usage. Urine was collected from 50 patients before antimicrobial therapy was started in the hospital. Active antimicrobial agents were detected in 30 of these patients Duration of illness. Of the 81 nonsevere typhoid patients studied, 42 were in the first week of illness when admitted to the hospital, 28 were in the second week, and 11 were in the third or subsequent week. The viable serovar Typhi counts per milliliter of whole blood (QBC) declined with week of illness: first week, median value of 2 (IQR, 0.1 to 27.5); second week, median of 0.1 (IQR, 0.1 to 5.2); third and subsequent weeks, median of 0.1 (IQR, 0.1 to 0.3) (P ϭ 0.02), whereas the bone marrow counts did not change: first week, median value of 9 (IQR, 1 to 75); second week, median of 8 (1 to 85); third and subsequent weeks, median value of 30 (IQR, 6 to 119) (P ϭ 0.5). This was reflected in the trend for the ratio of bone marrow viable bacterial count to blood count to increase over time (Fig. 3) : first week, median value of 4.8 (IQR, 1.6 to 25); second week, median of 10 (IQR, 4 to 95); and third and subsequent weeks, median of 158 (60 to 397) (P ϭ 0.001) Antimicrobial resistance and bacterial counts. Susceptibility testing showed that 83 of 89 (93.2%) of the serovar Typhi isolates from both severe and nonsevere cases of typhoid fever were MDR; that is, resistant to ampicillin, co-trimoxazole, and chloramphenicol. No resistance was seen to ofloxacin, but 14 of 89 isolates (16%) were resistant to nalidixic acid. Of the 81 nonsevere typhoid patients, 75 were infected with MDR serovar Typhi (93%), and these patients had more viable bacteria in their bone marrow than did 6 patients infected with non-MDR serovar Typhi, with a median CFU/milliliter value of 10 (IQR, 1 to 97), compared with a median CFU/milliliter value of 1.5 (IQR, 0.8 to 11) (P ϭ 0.045. There were also higher numbers of serovar Typhi bacteria in the blood of patients infected with MDR organisms, but this did not reach statistical significance: median CFU/milliliter value of 0.7 (IQR, 0.1 to 10) compared with a median CFU/milliliter value of 0.1 (IQR, 0.1 to 0.3) (P ϭ 0.2). Patients infected with MDR typhoid fever came to the hospital earlier than patients with sensitive typhoid fever; history of illness at 7 days (IQR, 5 to 10 days) compared with 14 days (IQR, 10 to 18 days) (P ϭ 0.047). There were no differences in bacterial counts (in CFU/milliliter) from either the blood or the bone marrow for 14 patients infected with nalidixic acid-resistant disease compared to 75 patients infected with nalidixic acid-sensitive serovar Typhi: bone marrow median, 9 (IQR, 1 to 233) compared with a median of 9.5 (IQR, 1 to 88.5) (P ϭ 0.9) and a blood median value of 0.3 (IQR, 0.1 to 10) compared with a median of 0.7 (IQR, 0.1 to 10.5) (P ϭ 0.7).
Stool culture results. At least one stool sample was collected from each of 52 patients before treatment; 16 of these were positive for serovar Typhi and 36 were negative for Salmonella and Shigella species. The stool culture-positive group had significantly higher bacterial counts (in CFU/milliliter) in the blood than the culture-negative group, with a median value of 2 (IQR, 0.25 to 10) versus a median of 0.1 (IQR, 0.1 to 6) (P ϭ 0.04) and also generally higher counts in the bone marrow: median of 70 (IQR, 3 to 144) versus a median of 8 (IQR, 1 to 59) (P ϭ 0.14). Results for stool culture-positive and stool culture-negative patients presented to the hospital after a similar history of illness are as follows: median, 7.5 (IQR, 5 to 8.75) days versus median, 7 (IQR, 5.25 to 11.5) days. Three out of six patients infected with non-MDR serovar Typhi had stool culture analyses; all were negative.
FCT. Patients with higher bacterial counts from the bone marrow had longer FCT, after treatment. Five patients with FCT of greater than 156 h were all infected with nalidixic acid-resistant serovar Typhi (n ϭ 5). There was a positive correlation between QBMC and FCT (R ϭ 0.4, P Ͻ 0.001). This correlation remained significant when nalidixic acid resistance of the isolate, age, and length of illness were controlled for (R ϭ 0.38, P ϭ 0.001) and became stronger (R ϭ 0.5) when patients infected with nalidixic acid-resistant serovar Typhi were removed from the analysis. A significant correlation between the blood bacterial count and FCT (R ϭ 0.3, P ϭ 0.02) was seen only when patients infected with nalidixic acid-resistant serovar Typhi were removed from the analysis.
DISCUSSION
Enteric fever is the only bacterial infection of humans for which bone marrow examination is routinely recommended. It is generally believed that bone marrow cultures will increase the diagnostic yield by about one-third compared with those from blood, despite the considerably lower volume of bone marrow culture (0.5 to 1 ml) compared to that of routine blood culture (5 to 30 ml). This study provides formal mathematical proof that the concentrations of serovar Typhi in the bone marrow are considerably higher than in peripheral blood and that the probability of a positive culture, in part, depends on the volume of sample processed. If there are 9 CFU/ml, as in bone marrow, there is a 90% chance of isolating serovar Typhi from 1 ml of specimen. Given a median bacterial count in blood of 0.3 CFU/ml, there is only a 30% chance of isolating serovar Typhi from the same volume of blood (1 ml). However, 7 ml of blood should be sufficient for a 90% chance of isolating a single bacterium. Looking at the ratio of individual bone marrow bacterial counts to blood bacterial counts suggests that even higher volumes of blood may be necessary. In the bone marrow there were over 10 times more bacteria than in peripheral blood. It seems likely therefore that a large-volume blood culture (Ͼ10 ml) would be needed to match the positivity rate of a 1-ml bone marrow culture, and the necessity of taking a bone marrow aspirate may be reduced if blood cultures of greater than 10 ml are collected. This should be true particularly for patients who have been previously treated or who present late in the illness. It may, however, be difficult to collect this volume of blood from some patients.
Lysing the blood cells to release intracellular organisms (which would otherwise count as one colony in a pour plate even if a single cell contained many organisms) yielded an average bone-marrow-to-blood bacterial concentration ratio of 36. Whether this concentration of serovar Typhi in human bone marrow results from local intracellular replication or the phagocytosis of multiple bacteria is not known. Indeed, of typhoid fever in humans very little is known even about the site of replication of the bacterial pathogen. In the widely used rodent models of typhoid fever, Salmonella enterica serovar Typhimurium has been shown to invade and multiply in mouse hepatocytes (2) and neutrophils (3) and in a mononuclear Kupfer cell preparation from rat livers (13) . In cell culture experiments serovar Typhi can replicate in human macrophages to reach an average of 14 organisms per cell (18) . In contrast, the peripheral blood monocytes from patients infected with serovar Typhi contain an average of only 1.3 CFU/ cell (16, 19) . The exact location of serovar Typhi in human bone marrow has not been characterized either, but assuming a predominantly intracellular location, the threefold increase in the number of bacteria found in lysed compared to unlysed bone marrow suggests that there is a median of at most three bacteria per cell in the bone marrow during human typhoid fever.
FCT were correlated positively with the bone marrow counts in this series, suggesting that numbers of bacteria in the bone marrow reflect the bacterial load in typhoid fever patients. Although many different factors determine the therapeutic response in typhoid fever, including age, immune status, susceptibility of the infecting organism, and antibiotic regimen, antimicrobial treatment was not a confounder in this series, as all patients with uncomplicated typhoid received the same treatment.
Bone marrow counts of serovar Typhi were significantly higher in patients presenting with MDR organisms. We have shown previously that these organisms reach higher concentrations in blood and have speculated that this may reflect greater intrinsic virulence of MDR serovar Typhi in this area (19) . Stool carriage, and therefore presumably transmissibility, was also greater in patients with higher bone marrow and blood bacteria counts. There were insufficient data in this study to relate MDR infection with stool carriage, although in previous studies of quantitative blood cultures a positive relationship was apparent (19) .
The viable organism counts in the bone marrow were considerably less affected by antibiotic treatment than the quantitative blood counts. Indeed, despite successful treatment bone marrow samples may remain positive for up to 5 days or longer after starting effective treatment with fluoroquinolones (6) , and this contributes to the superiority of bone marrow isolation over blood culture in diagnosis. As in this series, many patients in tropical countries are treated with antibiotics before presenting to the hospital. In the context of previous treatment, bone marrow culture is particularly useful and should be performed if typhoid is suspected. How serovar Typhi survives in the bone marrow despite the presence of high concentrations of a bactericidal antibiotic which reaches high intracellular concentration is not clear, although the compartment of the cell occupied by serovar Typhi is not known.
Typhoid and brucellosis share several pathological features in common. Both are characterized by persistent infection and leukopenia, in contrast to the more usual leukocytosis of other bacterial infections. Brucellosis is characterized by granuloma formation, including in the bone marrow, whereas in this series of patients with typhoid fever, despite infiltration of monocytes into the bone marrow in over half the patients and lymphocytic infiltration in 16% of the cases, no granulomata were seen.
Only five (6.2%) of the patients with uncomplicated typhoid fever were leukopenic (less than 4,000 leukocytes per ml of blood), but the white blood cell count was related inversely to the number of bacteria in the bone marrow. Although this does not exclude a systemic explanation, it does suggest that the high concentrations of serovar Typhi within cells of the bone marrow directly inhibit neutrophil proliferation. There was no evidence for neutrophil accumulation in the bone marrow to suggest any maturation abnormality. The mediators involved in suppressing neutrophil proliferation remain to the determined.
Although it is tempting to compare the complicated and uncomplicated cases in this study, the small number and wide variety of complications prohibits this. It is, however, of interest to note that the complicated cases showed a great deal of variation in bacterial counts. It is also our experience that isolation of serovar Typhi from the blood and bone marrow of patients suffering certain complications, such as perforation of the gut, is far more difficult than for patients suffering from other complications. In order to investigate the relationship between bacterial count and the complications of typhoid fever, a larger study is under way at the Dong Thap Hospital.
These data provide insights into the pathology of typhoid and an explanation for the superiority of bone marrow over blood in diagnosis. Serovar Typhi accumulates preferentially within cells of the bone marrow and appears relatively refractory to antibiotic effects there, despite, in this series, the use of fluoroquinolones which have excellent cellular penetration. These data also provide support to observations from earlier studies which suggested that MDR serovar Typhi is intrinsically more virulent than antibiotic-sensitive organisms (19) . Further study to determine whether active serovar Typhi replication occurs in human bone marrow will be of interest.
